ABSTRACT: Considering the long history of oil extraction and the numerous platforms that exist in the southern Gulf of Mexico, a regional approach has been used to investigate the impact of oilrelated activities on the macrobenthic community. The objective was to determine the effect of oilrelated activity in a region known to have a highly variable benthic community composition due to temporal and spatial variability of its natural environment. A transect design along gradients of natural variables and disturbance intensities, including active oil platforms, was implemented during the rainy and winter storms ('northers') seasons of 1999 to 2000. Univariate and multivariate statistical analyses were applied to a data set of 2 macroinfauna size fractions retained on 0.5 and 2 mm sieves, in conjunction with levels of metals, oil hydrocarbons and a range of natural sediment variables. A pattern of contamination existed, with increased levels of contaminants at stations close to rigs and in areas of high oil platform densities. At these sites, macroinfauna abundance and biomass were reduced. Regression analyses and matching of Biotic to Environmental multivariate patterns (BIO-ENV) indicated that a combination of metals and natural sediment variables best explained the variability in macroinfauna data for all sites. Meta-analysis at phylum level was employed to specifically assess disturbance. The results of this technique were inconsistent between sampling dates due to a complex influence of natural and anthropogenic disturbance. However, increased variability in community composition was linked to oil-related disturbance.
INTRODUCTION
Natural disturbance of benthic communities can potentially mask the effects of contamination by offshore oil-related activities. Therefore, to identify disturbance of macroinfauna assemblages from offshore oil activities, suitable spatial and temporal designs that consider natural infaunal variability need to be employed (Clark 1982 , Spies 1987 . Background information, adequate controls and long-term monitoring, plus a combination of samples taken on a regional basis and along radial gradients around oil drilling sites or production platforms, are required to ensure sampling designs are adequate for studying oil-related effects on marine benthic assemblages (Carney 1987 , Ellis & Schneider 1997 . Various sampling approaches have proved successful in the North Sea for detecting and monitoring the effects of offshore oil activities (Dicks 1976 , Hartley 1984 , Daan & Mulder 1996 . The main finding of these early oil-impact studies was that oil-related disturbance of benthic macrofauna assemblages was localised around the site of the oil platform; there was a severe reduction in fauna close to platforms (up to 200 m away from the platform), a peak in opportunist species 500 to 1000 m away and subtle effects detectable up to 2 km from the centre of the disturbance activity , Davies et al. 1984 , Kingston 1992 . Subsequent to these studies, effects of oil on macrofauna assemblages have been detected up to 6 km from platforms, suggesting that the local approach to studying oil-related disturbances was no longer suitable (Gray et al. 1990 , Olsgard & Gray 1995 .
In contrast, studies of the northern Gulf of Mexico suggest that even the long-term effects of oil-related activities on the benthos are highly localised around the point source, where effects are only detectable up to 200 m from source (Middleditch 1981a , Montagna & Harper 1996 and up to 800 m from produced water discharge points (Rabalais et al. 1992 ). However, major differences exist between the sampling carried out in the North Sea and the Gulf of Mexico; studies of oilrelated impacts in the latter region often lack background information and suitable controls (Green & Montagna 1996) . In addition, the impact of oil on the benthos in the Gulf of Mexico is potentially more chronic, as low levels of oil hydrocarbons are dispersed from natural oil seeps and non-natural sources of oil augmented by a longer history of oil exploitation (Spies 1987) . Natural disturbances from river runoff, associated anoxia-hypoxia and differences in other major natural variables (e.g. depth and grain size) have also possibly hindered the identification of the generalised effects of oil-related activities on macrofauna assemblages in the northern Gulf of Mexico (Green & Montagna 1996) . In the southern Gulf of Mexico, no previous attempt has been made to evaluate oil-related influences on benthic infaunal assemblages (Vazquez et al. 2000) , with the only available data coming from a single survey of a natural seep (Gonzalez-Macias 1989) and assessments of the effect of oil on shrimp populations (Soto & Gracia 1987) .
The southern Gulf of Mexico has combined influences from river runoff, winter storms ('northers') and a gradational sedimentary environment of terrigenous and carbonate sediments (Bello & Cano 1991 , FuentesYaco et al. 2001 . Ecological research has emphasised that 'northers' and river runoff are the most important physical processes influencing large-scale benthic community structure, function and interactions across and along the carbonate and terrigenous shelves (Yañez-Arancibia & Sanchez-Gil 1983 , Soto & EscobarBriones 1995 . In addition, the presence of an extensive area of offshore oil production potentially contributes to changes in the structure of benthic communities (Vazquez et al. 2000) . Further work is still required, however, in relation to smaller scales of spatial variation (10s to <100 km) and temporal changes in community structure and composition. This research needs to be focused along gradients produced by the river influence on the shelf and, particularly, its interaction with offshore oil activities in order to gather relevant information to differentiate between natural and anthropogenic disturbance.
The approach adopted for the present study is a regional one that involves sampling transects (on 2 occasions) along gradients of the main natural variables, encompassing sites both distant from, and close to, oil platforms. Thus, the study design attempts to accommodate spatial and temporal influences on assemblage composition due to natural disturbance from river discharges and storm events, and allows for the fact that oil-related effects might extend beyond the immediate area of a platform's influence. The sampling design also allows a concomitant consideration of the influence of oil platform density on the seabed assemblages. The hypotheses to be addressed were: (1) macroinfauna assemblages located in areas of high oil platform density will exhibit a different composition, and lower abundance and biomass than those in areas of low oil platform density or without oil-related activities; (2) macroinfauna assemblages located relatively near to an oil platform will exhibit a different assemblage composition, and lower abundance and biomass than those located relatively distant from oil platforms, similar to other oil-influenced continental shelves. Univariate and multivariate statistical techniques were employed to test these hypotheses. Temporal differences were expected as a result of natural disturbance from river runoff and storm events; however, it was expected that their influence would remain constant and independent of the impact derived from the oil-related activities.
In addition to formal hypothesis testing, the metaanalysis pollution impact assessment technique proposed by Warwick & Clark (1993a) was utilised, and its validity for tropical environments evaluated. This technique was used to compensate for the lack of background information, long-term monitoring and valid spatial controls.
MATERIALS AND METHODS
Study site. The study location covers the area between 19°00' and 19°40' N and 91°40' and 92°30' W, within the relatively homogenous, muddy, 'transi-tional' environment that occurs between the carbonate and terrigenous environments of the Campeche Bank and Bay (Fig. 1) . The characteristics of these sediment provinces have been previously described (GutierrezEstrada & Galaviz-Solis 1991 , Hernandez Arana 2003 . Discharges from the Grijalva-Usumacinta and San Pedro-San Pablo rivers, 'northers' and associated intrusion of oceanic water from the Caribbean current are the driving physical processes on the shelf (Monreal-Gomez et al. 1992 , Vidal et al. 1994 . The water circulation pattern is driven by the Caribbean current during the spring and summer, with a south to southwest direction, but during autumn and winter, the flow reverts to an east to north-east direction (Boicourt et al. 1998) . Water column stability changes from stratified to homogenous between the 'rainy' and the 'northers' seasons, markedly affecting the inner shelf (< 30 m depth) (Czitrom et al. 1986 ). The study area includes the largest offshore oil production region of Mexico, covering an area of 8000 km 2 that includes natural oil seeps and approximately 200 platforms with a range of functions (Valdes & Ortega Ramirez 2000) . Oil activities in the Campeche Bay have developed since 1974 with the discovery of several oil fields (Santiago & Baro 1992) . The world's largest offshore oil-related contamination event occurred in the Campeche Bay with the Ixtoc I production-well blowout in 1979 (Boehm et al. 1982 , Botello et al. 1982 . Subsequently, some relatively minor oil-spills have occurred in other oil fields in the area during 1986 and 1988 (LizarragaPartida et al. 1991 .
Study design. The sampling design consisted of 2 across-shelf (A, B) and 2 along-shelf (C, D) transects, following natural variations of depth, river runoff influence and depositional environment (Fig. 1) . The original design for the across-shelf transects was to follow a depth gradient of 12 to 135 m. Based on previous largescale studies, along-shelf transects were set to follow a sediment gradient from clay/clay silt to fine sand and carbonate content from 20 to 50%, whilst depth was kept relatively constant (30 to 50 m). Twelve stations, approximately 7 to 8 km apart, were allocated to each transect to represent the regional variation in macroinfauna assemblages and sediment types. Each pair of transects transversed the oil production zone, allowing a more intense sampling in the area of high oil platform densities. Information on the precise positions of oil platforms on the Campeche Shelf (Nautical chart SM 840, Secretaría de Marina 1994) and the spatial distribution of stations on the 2 transects allowed 2 different approaches for assessing oil-related influences. Firstly, stations along both transects could be partitioned according to the density of oil platforms within a putative distance of influence from the station and, secondly, their actual distance from oil platforms could be utilised. Due to the patchy distribution of platforms, oilrelated influences on the benthic assemblages might be a combination of proximity to an oil platform and the polygon comprises the area of oil-related activities where fishing and commercial navigation is forbidden density of oil platforms within a putative radius of influence. Therefore, the influences of proximity and density of oil platforms need to be examined separately. Sampling methodology. Sampling was carried out from 11 to 13 November 1999 after the 'rainy' season and from 14 to 16 April 2000 after the 'northers' season/beginning of the dry season. Stations were located and positioned using the satellite navigation system of the RV 'Justo Sierra' and sampled (without replication) using a box corer. Sample size was 0.14 and 0.23 m 2 for November and April respectively, due to different box corers being available on each cruise. Additional information recorded included the water depth and bottom salinity from each station. The recovered core was sub-sampled for organic matter, carbonate content and grain size analysis. Such samples were taken using a PVC core of 10 cm in diameter to a depth of 5 cm, transferred to a previously labelled plastic bag and frozen until analysis. Sub-samples for oil hydrocarbons and trace metals were taken using a Teflon TM core of 15 cm in diameter to a depth of 5 cm, which was then transferred to a high-density polyethylene plastic jar, labelled and frozen until analysis. Two size fractions of macroinfauna were sampled from each station, with the purpose of obtaining a better representation of the large infauna, but also to take into account the contribution of the smaller infauna that potentially survive better under stressful conditions (Warwick & Clarke 1994) . Small macroinfauna was sampled using a sub-core of 0.01 m 2 × 20 cm depth and sieved through a 0.5 mm mesh. Large macroinfauna was recovered from the remaining sediment after removing all the above samples, and sieved through a 2.0 mm mesh. Samples were fixed in 5% formaldehyde solution buffered in seawater and stained with Rose Bengal prior to initial storage. Due to technical difficulties a number of stations were not sampled (A2 and B1 in November 1999 and A4, A10, B3, C5, C7, D4 and D6 in April 2000, i.e. 2 and 7 stations out of 48).
Laboratory analyses. Macroinfauna samples were transferred to a 70% ethanol solution. Organisms were sorted, counted, wet weighed and identified to family level. Identification of the fauna to family level has proved to be sufficient for environmental studies in the southern Gulf of Mexico and other areas (Ferraro & Cole 1992 , Somerfield & Clarke 1995 . Organic matter content of sediment was measured using the ignition technique (Dean 1974) . Carbonate content was analysed by acid digestion and titration (Holme & McIntyre 1984) . Grain size distributions were measured with a Malvern Mastersizer X laser particle sizer (Wolfe & Michibayashi 1995) and descriptive statistics (mean grain size, sorting or inclusive standard deviation) calculated in phi units using the moment measure approach. Additional sediment data included the specific surface area of the sediments expressed as m 2 g -1 and calculated as spherical theoretical proxies assuming a density of 2.65 g cm -3 for the sediment, and the percentage of sand, silt and clay.
Concentrations of iron, manganese, zinc, copper, nickel, chromium and barium were quantified by induction coupling to plasma emission spectroscopy. Samples were oven-dried at 50°C and then digested with 5% hydrochloric acid to extract the fraction of metals contained in the organic matter and soluble sediments (APHA 1985) . Iron was used to normalise metal concentration following Macias-Zamora et al. (1999) . Hydrocarbon analyses were undertaken using soxhlet reflux extraction for 12 h into dichloromethane, followed by clean up and fractionation through silica/ alumina gel column chromatography (Sericano et al. 1990 , UNEP/IOC/IAEA 1992). The individual aliphatic (n-C10 to n-C34, pristane and phytane) and polycyclic aromatic hydrocarbons (PAH, 22 compounds) were identified and quantified by high-resolution gas chromatography (GC) using a Hewlett Packard HP5890 Series II with a flame ionisation detector. The measure of total hydrocarbons (TH) includes all resolved peaks of aliphatic and PAH hydrocarbons, and the area covered by the unresolved complex mixture (UCM). Concentrations of UCM and the fossil fuel pollution index were used to establish the origin of oil hydrocarbons (Boehm & Farrington 1984 , Volkman et al. 1992 . To assure quality control, appropriate blanks and reference materials were analysed simultaneously with each batch of samples.
Data analyses. The individual matrices for small and large macroinfauna were standardised to 1 m 2 and combined (allowing a representation of the overall size spectrum of the macroinfauna) into single matrices of abundance and biomass per sampling occasion (2 times). All the statistical analyses were undertaken using the combined data of small and large macroinfauna, because the separated analysis of the 2 fractions showed similar results (Hernandez Arana 2003) and also to incorporate the information provided by the larger macroinfauna in terms of its contribution to the biomass. Graphs of concentrations of total oil hydrocarbons (of which more than 90% was an unresolved complex mixture) and metals along transects for each season were constructed in order to identify spatial patterns of possible contaminant distribution. Pearson's product-moment correlation coefficients were calculated for metals, oil hydrocarbons, depth, mean grain size and distance to oil platforms, to establish relationships with natural variables and sources of putative contaminants. The set of 23 environmental variables (natural and oil-related) from each season were subjected to principal component analysis (PCA) on a normalised correlation matrix after suitable transformation (log 10 for continuous measurements or arcsin transformation for variables expressed as a percentage).
Hypothesis 1. Influence of oil platform density : To test the hypothesis that stations located in areas of relatively high oil rig density present lower values of macroinfauna abundance and biomass, stations were grouped in relation to the number of oil platforms within a radius of 5 km: high density (4 to 12), low density (1 to 3) and no oil platforms (see Table 2 ). The distance of 5 km was chosen as this is the approximate distance up to which oil-related influences have previously been detected around oil platforms (Olsgard & Gray 1995) and also to maximise the number of samples within each group. A 2-factor ANOVA balanced design was applied to test for differences in mean values of abundance and biomass between sampling dates and among oil platform densities for a randomly selected subset of 11 stations for each density. This analysis was followed by multiple linear regression analysis to estimate and fit a structural model to explain the variation in the observations of biological measures in terms of natural variables and concentrations of oil hydrocarbons and metals. Variables were checked for colinearity using the Pearson's productmoment correlation coefficients. Where a combined coefficient for a pair of variables was above 0.95 and significant at the 5% confidence level, one variable was not included in the regression analysis. Thus, the selected variables were water depth, mean grain size, % silt, sorting, % organic matter, total hydrocarbons, iron, barium, chromium and nickel, the latter 3 normalised using iron. All variables were checked for normality using the Wilk's λ and transformed when necessary either with log 10 for continuous measurements or arc-sin transformation for variables expressed as a percentage (Sokal & Rohlf 1995) .
Hypothesis 2. Influence of distance to oil platform: To test the null hypothesis of no difference in abundance and biomass between sampling dates with distance to oil platforms, stations were grouped based on distance to the nearest oil platform: < 3, 3 to 8 and > 8 km (see Table 2 ). The distances were chosen to approximate those at which various influences on macroinfauna have been previously detected in the North Sea studies (Olsgard & Gray 1995) and also to maximise the number of samples within each group. A 2-factor ANOVA balanced design was applied to test for differences in mean values of abundance and biomass, as described in the previous section. To test the null hypothesis of no difference in assemblage composition, non-metric multidimensional scaling (MDS) ordination plots were produced using a ranked similarity matrix, based on Bray-Curtis similarity measures of fourth root-transformed macroinfauna family abundance and biomass data for both seasons. Differences in the macroinfauna assemblage composition for the a priori distance from oil-related activities groupings were formally tested by a 2-way analysis of similarities (ANOSIM) (Clarke 1993 ) using an unbalanced design that included all the stations. Canonical analysis of principal coordinates (CAP) was used to contrast the results of the unconstrained ordination from the MDS against the constrained ordination produced by CAP, which seeks to separate samples based on an a priori hypothesis by looking for group differences along another dimensions. CAP also takes into account the correlation structure among the variables (families) in the abundance and biomass matrices (Anderson & Willis 2003) . Differences in the macroinfauna assemblage composition for the a priori distance groupings were formally tested by random permutation procedures. The index of multivariate dispersion (IMD) for each station group, and the relative dispersion of the groups, were calculated from the similarity matrices to explore the proposition that variability in community composition increases with increased levels of stress (Warwick & Clarke 1993b) . The relationship between assemblage composition and environmental variables was examined by the matching of Biotic to Environmental multivariate patterns (BIO-ENV) procedure (Clarke & Ainsworth 1993) . BIO-ENV uses a Spearman's rank correlation between the resulting ranked similarity matrices of fauna and correlation-based PCA of the normalised environmental variables. The analysis was performed using the same 10 variables used for the regression analysis. All the above univariate and multivariate routines were undertaken utilising the PRIMER (Plymouth Routines in Multivariate Ecological Research), GMAV5 for Windows and CAP software packages (Clarke & Gorley 2001 , Anderson 2003 .
Regional comparison of pollution impact: A metaanalysis procedure was used to compare the macroinfauna assemblage response to oil-related disturbance in the southern Gulf of Mexico with a dataset from the north east (NE) Atlantic that considers a clear gradient of contamination and also includes various types of natural disturbances (Warwick & Clarke 1993a) . The meta-analysis comprises standardised measures of production (P) at phylum level from the allometric equation P = (biomass/abundance) 0.73 × abundance. Thus, abundance and biomass data from the study area were aggregated to phylum, combined to form the production matrix using the above formula, standardised and merged into the original database (supplied with the PRIMER software) before a MDS plot was produced (from fourth root-transformed data using the Bray-Curtis similarity index) for visual analysis.
RESULTS

Environmental analysis
Pearson's product-moment correlation analysis was employed in order to identify common sources of oil and metals on the across-and along-shelf transects ( Again barium showed moderate associations with TH and distance to oil platforms, and this pattern of association was consistent between sampling dates. Oil hydrocarbons measured in this study showed that, at most of the stations, > 90% of the total hydrocarbons was an unresolved complex mixture (UCM), indicating a highly weathered and biodegraded petroleum origin. The fossil fuel pollution index demonstrated that 12 stations sampled in November 1999 and 19 stations sampled in April 2000 had PAHs of petroleum origin ( Table 2 ). The metal most likely to have a terrigenous source, iron, showed a depth-related gradient and a pattern of decreasing concentration from SW to NE, moving away from the rivers' influence (Fig. 2) . Thus, other metals were normalised for iron concentration, as iron is known to be a conservative element and its distribution along the transects demonstrated a pattern dictated by natural variation. There is evidence that suggests TH and barium are associated with distance to oil platforms, and because more than 90% of the TH presented in the samples corresponds to UCM, TH and barium will be used as a proxy for oil-related activities. Across-shelf transects
Along-shelf transects There were no indications of oil-related activities on the across-shelf transects at Stations A1 to 4 and B1 to 4, which showed low concentrations of total hydrocarbons (TH) and barium below 20 and 40 µg g -1 of dry sediment respectively. These stations are located nearest to the coast with no oil-related activities and, in general, had the lowest concentrations of metals (Fig. 2) . TH, barium and chromium showed peak concentrations between Stations A6 to 10 and B6 to 10 (maximum concentrations of 135, 446 and 24 µg g -1 of dry sediment respectively); these stations are located in the area of oil-related activity (Fig. 1) . On the alongshelf transects, TH, barium and chromium all showed no consistent pattern, but had relatively high and low values at stations close to and distant from oil fields respectively (Fig. 2) .
The physical and chemical features of the sampled stations are summarised by the PCA of the 23 measured variables, including indicators of oil-related influence (Fig. 3) . Principal component 1 (PC1) explains 47% of variation and the stations form 2 main clusters, related mainly to the increasing values (from left to right) of sediment metal load and decreasing sediment size, followed by a weaker contribution from oil hydrocarbons (Table 3) . It is noticeable that oil hydrocarbons, barium and distance to oil platforms are not among the most influential variables, although their influence is stronger than depth. The second PC axis explains 15% of variation and is dominated by salinity, silt, clay and organic matter, followed by a weaker contribution of oil hydrocarbons that decreases in magnitude from the bottom to the top of the plot. The dominant variables on this axis appear to represent the temporal variation caused by the river runoff and associated sedimentation.
Patterns of biota
Across-shelf transects (Fig. 4) presented relatively high values and low variability of abundance, biomass and number of taxa at Stns A1 to 5 and B1 to 5 (< 30 m deep). Values then decreased at Stns A6 to 12 and B6 to 12, except for Stn B8 where the highest abundance and number of taxa were recorded after the 'northers' season. Generally, Stns A6 to 12 and B6 to 12 were faunally impoverished and variability among these stations was high compared with stations < 30 m deep. On along-shelf transects (Fig. 4) , values of abundance, biomass and number of taxa were as low as those recorded for Stns A6 to 12 and B6 to 12; however, there was no clear spatial pattern. In general, abundance and biomass were higher at most stations in samples taken after the 'northers' season than after the 'rainy' season. Number of taxa cannot be compared between sampling dates due to different sample size for the large macroinfauna fraction; nevertheless, an increase in number of taxa was observed when comparing only the small macroinfauna fraction. Table 4 presents the results from the 2-factor ANOVA. For abundance data, statistical differences were evident between sampling dates and among densities and distance to oil platforms groups. For biomass, however, no statistical differences were found between sampling dates, only among densities and distance groups. Post-hoc Student-Newman-Keuls (SNK) tests showed that the 'high platform density' and the 'most distant' groups consistently had low mean values. Thus, the hypothesis of lower abundance and biomass in areas of high oil platform density and at stations close to oil platforms could not be rejected. Table 5 presents the best-fit models from regression analysis (statistically significant at p < 0.05) explaining the highest variation in log 10 abundance and biomass in terms of 5 natural and 5 anthropogenic variables. After the 'rainy' season, 48 and 27% of the total variation in abundance and biomass respectively was explained by concentrations of chromium and barium. After the 'northers' season, however, chromium and organic matter content were the best explanatory variables for abundance and biomass respectively. From the scatterplots displayed in Fig. 5 , it can be generally 98 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Influence of density and distance to oil platforms tested by univariate statistics
No. families sample -1 noted that stations located in areas with high oil platform density present low values of abundance and biomass and high values of barium and chromium; the opposite is true for sites located in areas where oil platforms are absent. A shift in the relationship between organic matter and biomass between sampling dates is apparent (Fig. 5) , as well as the lack of pattern in relation to oil platform density.
Influence of distance to oil platform tested by multivariate statistics Fig. 6a , b presents the 2D MDS ordination plots for transformed abundance data using the grouping criteria of distance to the nearest oil platform for each season. The stress values are above 0.2, indicating difficulty in representing the multivariate pattern in 2 dimensions. However, stations located at distances > 8 km from oil platforms appear to be more similar, whilst stations located at distances 3 to 8 and < 3 km from oil platforms do not show a clear grouping (rather they are distributed throughout the plot). MDS plots for biomass data displayed the same pattern and are therefore not shown. The 2-way ANOSIM test for differences between sampling dates, and among groups based on distance to oil platforms, showed significant differences in the main factors for both abundance and biomass data (Table 6 ). Differences in assemblage composition (as indicated by the Rvalue) were smaller between sampling dates than among distance groupings. Pairwise comparison indicated significant differences between the > 8 km versus the 3 to 8 km and 0 to 3 km groups, but no significant differences in assemblage composition between the latter 2 distance groupings. Fig. 6c, d presents the 2D constrained CAP ordination plots for the same data used in the MDS analyses. It is clear from the plots that group differences existed but occurred along another dimension than those represented by MDS. Taking the correlation structure among the families into account provides a better definition of the influence of distance to the nearest oil platform on the community composition, in particular for the group of stations at 0 to 3 km and the April 2000 sampling period. Cross-validation of the station classification using the leave-one-out method with m values of 7 and 16 indicated a mis-classification of 52 and 41% for November and April respectively, with the highest degree of misclassification between groups 2 and 3. The cumulative percentage of variation explained by the first principal coordinate axis was 64.8% for November (m = 7) and Table 5 . Models from stepwise multiple linear regression analyses that best explain variation in the observations for macroinfauna abundance and biomass (both log 10 transformed) after the (a) 'rainy' and (b) 'northers' seasons 93% for April (m = 16). Despite the degree of mis-classification, the results of the permutation test indicated a significant difference in the composition and relative abundance of macroinfauna families among the 3 groups, based on distance to the nearest oil platform for both sampling dates (trace statistics = 0.586, p = 0.0109 and delta-1 2 = 0.459, p = 0.0058 for November 1999, and trace statistics = 1.222, p = 0.0031 and delta-1 2 = 0.7798, p = 0.0006 for April 2000).
The following taxa had the highest positive individual correlations (-0.4 to -0.75 ) with the first canonical axis for November 1999; polychaetes: Capitellidae, Cirratulidae, Goniadidae, Lumbrineridae, Spionidae; Mollusca: Corbulidae and Nemertea: Linneidae. All of them had their lowest abundances and biomass within the 0 to 3 km group. Only 2 taxa (Nephtyidae and Sergestidae) were restricted or had higher abundances in the 0 to 3 km group compared with the other 2, with , and these taxa were; polychaetes: Capitellidae, Amphinomidae, Magelonidae, Onuphidae; Amphipoda: Ampeliscidae; Tanaidacea: Parapseudidade and Sipuncula: Aspidosiphonidae. These families were less abundant at the stations in the 0 to 3 km group, similar to the pattern previously observed in November. Spearman's rank correlations between the similarity matrices of macroinfauna and PCA ordinations of a set of 10 variables using the BIOENV technique were generally low (r S < 0.4, Table 7 ). Water depth was the best single explanatory variable for the multivariate configuration of abundance and biomass during both seasons, and the second best correlation included nickel. The degree of association was higher after the 'northers' season than after the 'rainy'. Table 8 presents the results of the relative multivariate dispersion within, and pairwise comparisons between, distance groupings. The IMD within each group (for both sampling dates) showed a gradient increasing from stations nearest to an oil platform to those furthest away . Pairwise comparison of the IMD ratio values presented differences between sampling dates. After the 'rainy' and 'northers' seasons, similarities among samples from the > 8 km group were generally higher than among samples from the 3 to 8 km and 0 to 3 km distance groups, indicating higher variability within the latter groups. After the 'northers' season, the difference in the order of dispersion between the 3 to 8 km and 0 to 3 km distance groups was opposite to that observed after the 'rainy' season, although on both sampling dates the differences were small, as highlighted by the low IMD ratio value, indicating a similar degree of within-group variability.
Regional comparison
The results of using the phylum-level meta-analysis data to compare the severity of macroinfauna assemblage disturbances in the southern Gulf of Mexico to Table 6 . Two-way ANOSIM test for differences in macroinfauna assemblage composition between 'rainy' and 'northers' season and among groups based on distance to the nearest oil platform. Bold numbers indicate significant differences that encountered in the NE Atlantic are shown in Fig. 7 . Stations from the NE Atlantic (left of plot) are clearly separated from samples from the southern Gulf of Mexico (right of plot). The pollution gradient of the NE Atlantic samples is primarily along the vertical axis, going from unpolluted stations (U) at the bottom to grossly polluted (GP) stations at the top of the plots. The distribution of samples from the southern Gulf of Mexico along this pollution axis varied between seasons. The vast majority of stations were located under the moderate pollution condition after the 'rainy' season and there was no clear pattern in relation to distance to oil platforms. After the 'northers' season, a relationship with distance to oil platforms was apparent: the majority of stations from the > 8 km distance group were located under the unpolluted condition, and the stations from the remaining intermediate and closest distance groups were dispersed between the unpolluted to moderately polluted conditions.
DISCUSSION
For any impact study of oil-related activities, the contamination (i.e. increased levels of a chemical compared to natural background levels, GESAMP 1995) status of the area needs to be determined in order to relate that contamination to changes in the fauna (Olsgard & Gray 1995) . Generally, in the southern Gulf of Mexico, the defined threshold for total hydrocarbons (TH) in unpolluted sediments is 70 µg g -1 dry weight and of biological origin (Botello et al. 1991 . Botello et al. (1982) reported background levels of biogenic TH below Table 7 . Relationship between environmental variables and faunal assemblage composition using the BIO-ENV procedure. The combinations of 1 to 4 variables that best explain the faunal patterns based on abundance and biomass are given for each season. The coefficient (r S ) is for Spearman's rank correlation, highest values are in bold. TH: total hydrocarbons 50 µg g -1 in recent sediments of the 'transitional' region of the Campeche shelf. After the Ixtoc blowout in 1979, levels were above 100 µg g -1 of petroleum origin within the vicinity of the oil field (Boehm et al. 1982) , returning to background levels after 12 months (Botello & Villanueva 1987) . The present study reports a range of concentrations from below detection limits at stations on the inner shelf to above 100 µg g -1 dry weight in the sediment at stations located within the oil production zone. Between 90 and 100% of the TH load was an unresolved complex mixture (UCM), indicating a chronic input of highly weathered petroleum (NAS 1985 , Volkman et al. 1992 . The fossil fuel pollution index also indicated a petroleum origin for PAHs (Boehm & Farrington 1984) from 25 and 50% of the stations during November 1999 and April 2000 respectively.
There is no published background information on concentrations of trace metals in the southern Gulf of Mexico oil production zone and little is known about the amount of drilling fluids and produced water that have been discharged since oil exploration started in 1974. However, according to the environmental protection office of the Mexican oil company (PEMEX pers. comm.), there have been no direct discharges of oil-based drilling fluids or produced water to the water column or seabed. Considering the information available, it is therefore not possible to state how comparatively high the present concentrations of metals are. Previous work has highlighted increasing levels of metals towards the south and south-western portion of the Campeche Bank, mainly as a result of river runoff and fine sedimentation (Macias-Zamora et al. 1999) . The results of the present study confirm that the increasing concentration of some metals, e.g. iron, in the transitional area of the Campeche shelf is indeed the result of river runoff and fine sedimentation. It has also been suggested that oil-related activities contribute to the concentrations of barium, nickel, chromium and vanadium (Rosales-Hoz et al. 1994 , 1999 . Levels of barium unequivocally indicate influence from drilling discharges (Kirkley 1984 , Steinhauer et al. 1994 , Rezende et al. 2002 and it has been previously demonstrated that barium levels in the sediment of the southern Gulf of Mexico increase from below detected levels to > 500 µg g -1 when approaching the oil production zone (Rosales-Hoz et al. 1994 ). The present study recorded similar values ranging from < 20 µg g -1 to a maximum of 446 µg g -1 , with concentrations reaching a maximum at stations close to oil platforms. It appears that contamination from oilrelated activities extends beyond the immediate surroundings of the point source, as noted from the univariate plots of stations and indicators of oil-related activities in the present study. Additionally, results from the PCA clearly show that stations with high concentrations of oil hydrocarbons and metals cluster together, independent of season, and do not follow the natural pattern of depth and grain-size gradients across and along the shelf. It is therefore concluded that the oil-impacted area in the southern Gulf of Mexico is comparatively extensive and thus differs from the apparent restriction of contamination to areas near the point source observed in the northern Gulf of Mexico (Middleditch 1981b , Kennicutt et al. 1996 . Extensive contaminated areas and overlapping influences from neighbouring oil fields are expected from a long history of oil exploitation (Olsgard & Gray 1995) and this seems to be the case for the present area of study.
Producing unequivocal evidence of pollution from offshore oil-related activities is a difficult task due to the pervasive effect of background variability linked to natural disturbance (Clark 1982 , Spies 1987 . Some possible results of oil disturbance on the benthic infauna were observed in the distribution of fauna along transects; faunally impoverished stations were located in areas where oil platforms are concentrated. A characteristic peak of opportunist taxa occurred at Stns B8 and D7, although several families of polychaetes that are known to contain opportunistic species had much higher abundances at stations where no oil activities were present (e.g. Lumbrineridae, Spionidae, Capitellidae, Cirratulidae), and were apparently subjected to natural disturbance as shown by the differences in abundances between sampling dates. Thus, the responses of opportunists to natural and anthropogenic disturbance were not easily distinguishable, perhaps as a consequence of the taxonomic level of identification for the fauna.
Overall, results from the present analyses showed that stations located in areas of high oil platform densities, or close to oil-related activities, had significantly lower abundance/biomass and different assemblage composition than those stations located in areas of low platform density or further away from oil-related activities. These effects were generally independent of natural differences between the sampling dates. The pattern of oil-related contamination partially explained the patterns in biotic variables as noted from the multiple regression analysis and the BIOENV procedure. However, the data were characterised by high levels of variability due, for example, to changes along depth gradients, the interaction of terrigenous and carbonaceous sediments (incorporating natural disturbance from river runoff) and winter storms supplementing the anthropogenic disturbance from oil-related activities. Variability in the natural pattern of macroinfauna assemblages could therefore be responsible for the lack of significant difference found between groups of stations at < 3 km and 3 to 8 km from oil platforms, and stations with relatively low and high oil platform densities in a 5 km radius.
Although sediment characteristics in the area of study are relatively homogeneous in comparison to the northern portion of the Campeche Bank, which is characterised by grain-size intervals from silt to coarse sand , the range of disturbance from natural and oil-related sources is likely to account for much of the variability recorded for all biological variables. The IMD indicated an increased variability for the group of stations located within 0 to 3 km of an oil field, indicating increased levels of stress , Warwick & Clarke 1993b . The dispersion values for these stations resulted from the very low similarities in community composition, even between adjacent stations. This increased variability in the multivariate patterns can be explained by the documented response of infauna to both natural and oilrelated disturbance. Natural disturbance after the 'rainy' season produces an overall faunal impoverishment in the area, followed by a recovery when opportunist species dramatically increase in numbers after a lag of several months.
Despite the natural patchiness in relation to the effect of this disturbance, the temporal response of faunal impoverishment and the peak of opportunists are still driven mainly by the presence or absence of natural disturbance. Offshore oil-related disturbance is usually represented by a progressive degradation of the benthic community structure, and the response of opportunistic species is known to represent the final stages of pollution rather than being a recovery response to the absence of disturbance (Dicks & Hartley 1982 , Gillmor et al. 1985 , Patin 1999 . Faunal impoverishment resulting from natural disturbance is aggravated at stations close to oil fields or in areas of high oil rig density. Here the recovery response, as observed on the inner shelf following natural disturbance, is prevented by the continuous disturbance from oil-related activity. Therefore, when natural disturbance from the 'rainy' season is absent, it is suggested that oil-related disturbance controls the multivariate pattern of the macroinfauna, as noted from the analysis after the 'northers' season.
The presence of an environmental gradient (acrossshelf), and the lack of independent controls and previous information on assemblage composition of the area, required the use of alternative techniques that can overcome these problems and provide a means of determining the impact of oil-related activities on the macroinfauna over shelf and regional scales. The meta-analysis results were inconsistent between sampling dates, in terms of defining the status of stations close to the oil platforms with respect to a known pollution gradient from North Sea samples. However, what is clear from the results is a separation of the southern Gulf of Mexico samples from those of the NE Atlantic. Such a partitioning has been previously reported with data obtained off Trinidad and Tobago (Agard et al. 1993 ) and southern Africa (Savage et al. 2001) . Agard et al. (1993) proposed that this could be due to the estuarine character of their study site, which favoured a larger contribution to the estimated production matrix from crustaceans, but Savage et al. (2001) attributed the split to a greater contribution of molluscs and crustaceans that were physically robust and resistant to mining disturbance. In the southern Gulf of Mexico data, the separation of samples is due not only to crustaceans, but also to a greater contribution from nemerteans and sipunculids, unusual taxa in the other regions. The previous and present findings point to a limitation in the meta-analysis method proposed by Warwick & Clarke (1993a) . The polluted status of the NE Atlantic samples is based on the major contribution of annelids to the estimated production matrix, as this taxonomic group contains a great number of opportunistic species known to dwell in areas with organic enrichment (Warwick & Clarke 1993a . However, on the Campeche shelf, several stations located in areas of high oil platform density, where annelids contribute little, were clustered with the unpolluted sites, particularly in the November 1999 sampling. This difference in the relative contribution of phyla could be driven by sediment differences between the 2 shelves, as the southern Gulf of Mexico is predominantly carbonate. In summary, this method highlights 2 points: (1) the difficulties of differentiating between natural and anthropogenic disturbance as reflected by the inconsistency of sample grouping between sampling dates, and (2) in the southern Gulf of Mexico, the community response to the interaction of natural and human disturbances is driven by the response of taxa in addition to polychaetes, linked perhaps to the carbonate nature of the area. It is proposed that to increase the applicability of the meta-analysis, more naturally disturbed samples (e.g. storm-and riverinfluenced stations) from a range of sediment types should be included in the database. Alternatively, it may be more valuable to create separate tropical and temperate data sets, where a phylum other than annelids controls the overall response.
The present study attempted to take into account the main sources of natural disturbance in the Campeche Shelf study area by sampling macroinfauna after the 'rainy' and 'northers' seasons, and to capture the putative oil-related influence by sampling over a range of sedimentary conditions. Despite the lack of adequate controls with which to compare the results, it is considered that there is enough evidence to conclude that oilrelated activities in the southern Gulf of Mexico are having a significant impact on the macroinfauna assemblages.
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